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7INTRODUCTION
As the demand for power supply is increasing, the power from 
nuclear ‘fission is assuming an important role in the field of power 
production. The enormous quantity of heat generated during the 
fission process can be utilized for the generation of power. To 
get maximum advantage out of the fission process, the fission 
material must be fabricated into a unit of proper shape to permit 
the control of the process and safe removal of heat generated.
This unit, composed of fuel elements is known as the reactor core 
and is one of the major concerns in nuclear power development.
The shape of the fuel element has considerable effect on 
the amount of heat transferred from the fuel elements. Since 
the .amount of heat generated in the fuel element is in the order
5 oof 5 x ltr B/hr. ft* (1), it is necessary that the fuel elements 
are designed to give maximum possible heat transfer coefficients.
The achievement of higher heat transfer coefficients is 
not a problem solely associated with reactor cores. This is the 
aim of any designer of a heat exchange apparatus.
Higher heat transfer coefficients can be achieved by 
increasing turbulence over the heat transfer surface. The 
turbulence can be promoted by an increase in the coolant velocity
(1) All references are given in bibliography
or by interrupting the flow by shaped objects in the path of flow, 
Higher heat transfer coefficients can be achieved for interrupted 
surfaces with low coolant flow rates with a reasonable increase
8
in the pumping power.
The use of twisted plates as interrupters will create a 
swirling motion in the fluid. The swirling motion is expected to 
promote higher heat transfer rates.
This investigation is aimed at; 1) the design and construction 
of an apparatus for the determination of heat transfer coefficients 
by using an induction heater to generate heat in the test section,
2) the comparison of the results with data available and 3) the 
evaluation of the effect of a twisted plate on the heat transfer
coefficients
9Many of the heat transfer text books give a good treatment 
on the heat transfer for flow over immersed bodies. The heat 
transfer for flow over flat plates has been discussed in detail 
by Kreith (2), and Eckert and Drake (3). Knudsen and Katz (4) 
give a brief survey on the literature available on the topic.
While discussing the possible shapes for fuel elements 
of the nuclear reactors Anderson (5) suggested the use of twisted 
ribbon elements as fuel elements. Diamond & Hall (6) also sug­
gested the use of turbulence promoters in the reactor fuel elements.
Many investigators obtained higher heat transfer coefficients 
by turbulence promoters placed in the flow path. Royds (7) con­
ducted tests by passing high temperature air through twisted spiral 
retarders. He used twisted steel strips 1 15/16 inches wide and
0.1 inch thick. He concluded that the heat transfer coefficients 
increased for one turn in 20" or less and that the increase in 
heat transfer coefficients was associated with comparable pressure 
drop. Colburn and King (8) conducted an investigation on similar 
lines and arrived at the same conclusions.
Nagaoka & Watanbe (9) studied the effect of turbulators 
on the heat transfer and pressure drop for water flowing through 
a 1700 mm long 26.9 mm I.D. tube. Coiled wires and guided vanes 
were used in their investigations for the promotion of turbulence
REVIEW OF LITERATURE
10
and water was heated by hot oil flowing around the surface of the 
tube. They reported that the heat transfer coefficients obtained 
for coiled wires required less pumping power. Siegel (10) inves­
tigated the same problem by using twisted copper strips, spiral 
springs and sealed end tubes as turbulence promoters. His 
experiments supported the results of the other investigators.
Kreith (11) investigated the effect of curvature on heat 
transfer and arrived at the conclusion that a substantial increase 
in the heat transfer coefficients can be obtained for heat flow 
from a concave surface to a fluid compared to the coefficients 
from a flat surface to the same fluid. Kreith & Margolis (12) 
investigated the effect of swirling turbulent flow on the heat 
transfer and friction. They observed that the inside heat transfer 
coefficients in swirling flow increased as much as four fold over 
the coefficients observed at the same velocity in purely axial flow.
All the investigations carried out by different authors cited 
above were similar in one aspect. The coolant and the turbulence 
promoters were placed inside the pipe and heat was supplied from 
outside. In this case the object of the turbulators is to create 
turbulence only. The proposed investigation by the author differs 
from that of the others at this point. The author wishes to use the 
turbulence promoter as a heat generator also. Thus the problem is 
much more similar to the practical problem of the reactor fuel elements.
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APPARATUS
The apparatus used in this investigation permits the deter­
mination of the heat transfer coefficients in the laminar flow region 
only. At the outset it was proposed that the effect of the turbulators 
on the heat transfer rates in the turbulent flow region be investigated. 
However, as the equipment available on hand was not able to provide 
the necessary flow rates in the turbulent flow region, it was decided 
to limit the present investigations to the laminar flow region.
The flow circuit of the apparatus was made up as follows. The 
process water was allowed to pass through the flowmeter, test section, 
controlling valve and to the waste tank. The steel strips intended 
to serve as turbulators were placed inside the pyrex glass tube of 
the test section. The glass tube was surrounded by the induction 
coil from the induction heater. Figures 1 and 2 give the schematic 
set up of the apparatus including the test section. Figure 3 is 
the flow diagram.
THE TURBULATORS
Steel strips fabricated out of a 1 1/2 inch wide 1020 cold 
rolled steel were used as turbulators. The strips were 1/8 inch 
thick and 20 inches long before they were twisted. The test specimens 
described below were used in the course of the investigation.
Test Section No Description
1 Flat strip
2 Twisted. 1/2 twist in 20"
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Photograph of the Test Equipment
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4 Twisted. 11/2 twists in 20"
5 Twisted. 2 twists in 20"
6 Twisted. Two strips with 1/2
twist in 20"
Figures 4 and 5 give views of the test sections used in the investigation.
The turbulators were fabricated in the following manner. A 
flat steel strip of 24 inches length was taken and two punch marks 
were made on it exactly spaced at 20 inches. The strip was placed 
inside a pipe and one end of the strip was rigidly held in a bench 
vice. Twisting moment was applied on the other end of the steel strip. 
This procedure enabled the fabrication of a uniformly twisted strip.
After twisting to the required extent, the steel strip was checked 
for the correct amount of twist between the punch marks and the excess 
length of the strip was cut off. Thus the length between the punch 
marks gave the correct length and shape to the test section.
In the case of the two strip set up of the test section, the 
two strips were held apart at one half of an inch by rivetting 
aluminum rods at the ends of the strips. Further, the two strips 
were separated in the middle by placing a small aluminum strip.
The heat transfer area provided by these extra aluminum rods and 
strip being very small, the effect of the same was neglected for 
the heat transfer calculations.
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FIGU RE *  4
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Figure 5
Photograph of the Turbulators
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The thermocouples intended for measuring the surface temperatures 
of the test section were soldered on the test sections at the following 
locations. The first and the third thermocouples were soldered at 
either end of the test section. The second thermocouple was soldered 
exactly at the middle of the test section. The placing of the thermo­
couples in the described manner permitted the calculation of the 
test section surface temperature as outlined by the equation (4) 
given in the section dealing with calculations.
THE TEST SECTION
A 30" long pyrex glass tube, 1 7/8" I.D. and 2 1/4" O.D., 
was supported between two aluminum flanges. To obtain perfect 
sealing between the surfaces 'o' rings were placed between the 
glass tube and the flanges. The flanges were held in position by 
four numbers of spring loaded tie rods. The control valve intended 
for the control of the water was located on the down stream side of 
the test section. A plastic pipe, 1" I.D., 1 1/4" O.D., 4" long, 
was placed inside the glass tube immediately before the downstream 
side aluminum flange. This piece of plastic tube prevented the 
movement of the test specimen to the downstream side and also 
served as a mixing chamber for the outlet water. An air valve was 
fixed on the upstream side aluminum flange to bleed off the air 
accumulated inside the glass tube. Figures 6 and 7 give the details




Close-up View of the Test Section
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SURFACE TEMPERATURE MEASUREMENT
20 gauge iron-constantan thermocouples were used to measure 
the surface temperature of the test specimen. The thermocouples 
were fixed on the test surface as described earlier and the outputs 
of the thermocouples were measured and recorded by a null balance 
type recorder. There is a tendency for the thermocouple wires to 
be heated up by the induction field, which may lead to erroneous 
results. However, the effect of the induction field can be neg­
lected as long as the surface temperature of the test specimen was 
higher than the temperature of the adjacent thermocouple wires. 
Actual tests conducted in the laboratory revealed negligible 
error in the temperatures recorded by the thermocouples in the 
induction field.
The temperature recorder used in the investigation was the 
product of Barber Colman Company. It was a 'Wheelco 8000' series 
null balance type D.C. potentiometer.
WATER TEMPERATURE
The inlet and outlet water temperatures were measured by 
thermocouples placed in thermocouple wells and were recorded on 
the 16 point temperature recorder. Figure 8 gives the details of 
the thermocouple wells used.
PRESSURE DROP
Two Bourdon type pressure gauges were fixed on the upstream 
and downstream sides of the test section. A back pressure of
(Oh-
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FIGURE *  8
T hermocouple I nstallation to Measure Water Temperature in P ipe
about 20 psig was used throughout the investigation- Since this 
investigation was mainly directed towards the determination of 
the heat transfer coefficients, no efforts were made to determine 
accurate pressure drops in the test section. With the gauges 
installed in the system, a pressure drop of 5 psi was noticed 
throughout the experiments. The variation of the pressure drop 
for different test specimens was not an appreciable amount.
PROCESS WATER
The condensate returning to the power plant of the Missouri 
School of Mines & Metallurgy was used as the process water in this 
investigation. This water was processed by a lime soda ash hot 
process water softener. A pump was included in the flow line to 
supply the water under required pressure.
INDUCTION HEATER
The induction heater used was a Westinghouse multipurpose 
single phase induction heater operating with 30 KW 9,600 cycle 
motor generator set. It is capable of supplying output voltages 
12 1/2 to 800 volts, 9600 cycles at a maximum of 30 KVA for 
induction heating loads. The induction alternator is provided 
with the following protective devices.
i) A thermostat in the water outlet, 
ii) A pressure switch in the water inlet.
When the temperature of the cooling water rises to the preset 
temperature the thermostat control automatically shuts down the 




The process water circulating in the test section was main­
tained at the required rate of flow by operating the control valve. 
During the investigations, the water flow was varied between 1.1 and 
2.41 gallons per minute. These conditions permitted the flow to be 
well within the laminar flow region. The experiments could have 
been carried out with much higher flow rates. However, at the 
higher flow rates the surface temperatures of the test specimen 
went beyond 250 deg. F. For maintaining a reasonable rise in bulk 
temperature without the boiling of the fluid, it was felt that such 
high surface temperatures were not desirable. Hence, the flow 
conditions were restricted to the quantities mentioned above.
The induction heater was started and the heating was switched 
on. The heating was regulated such that a water temperature rise of 
10 to 15 deg. F was noticed. Since this temperature rise could be 
obtained with the maximum test section temperatures of 200 to 240 
deg. F, the water circulation in the test section was kept under 
an approximate back pressure of 20 psig to avoid the water boiling 
inside the test section.
After steady state conditions were observed, the inlet and 
outlet temperatures of the water, the surface temperatures of the 
test section were noted from the temperature- record. The procedure 
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CALCULATIONS
The following assumptions were made for the calculation of 
the results.
1. The difference between the inlet and outlet water temperature 
being in the order of 9 to 15 deg. F throughout the experiments, 
the fluid properties were assumed to be constant for the range 
of temperatures obtained.
2. The temperature distribution across the test section was uniform.
3. The variation of temperature from the ends to the middle of the 
test section was linear.
4. The induction field has no effect on the thermocouple wires.
5. The heat transfer coefficient is uniform over the test section.
6. The heat loss to the surroundings being constant throughout 
the experiment, the effect of the heat loss was neglected.
The water inlet and outlet temperatures were obtained from 
the temperatures recorded on the chart. The bulk fluid temperature 
is given by
tb = tx +<*t_ .................(1)
The rate of fluid flow was determined by dividing the weight 
of fluid collected by the time required for collection.
The rate of heat transfer is given by
q = C W  t -------------- ---(2)
where the specific heat of water, C, is taken as l.o B.t.u./lb. °F.
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The effective heat transfer area is calculated by adding up 
the areas of all the faces of the test section. Since the same 
length of flat steel strip was used for fabricating the twisted 
test sections the heat transfer area is the same for all the test 
sections. Then
A = + y) z + xy~| (3)
The variation of the surface temperature being assumed to 
vary linearly from the ends to the middle of the test section, 
the mean surface temperature is given by
Tw = Tj + 2T2 + T3 
4
(4)
The test section temperature calculated by equation (4) was in 
close agreement with the equation
Tw - tb = ak ............. (5)
h
which is the equation given by Kreith (13) for temperature 
distribution in systems with heat sources. Then, the temperature
drop across the water film is
A T  = Tw  - tb ------------- (6)
The heat transfer film coefficient was found by using the relationship
g = h A A T  ................ tV)
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DISCUSSION
At this stage, the author feels that a brief discussion of 
the fundamentals of convective heat transfer vdll help in under­
standing the problem under study,
"Convection is a process of energy transport by the com­
bined action of heat conduction, energy storage and mixing motion." (14)
The rate of heat transfer by convection between a surface
and a fluid is computed by the relation
q = h A A.T ------------ (7)
where q = rate of heat transfer by convection B.t.u./hr.
A = heat transfer area Sft.
A T  = difference between the surface temperature Tw and a
temperature of the fluid t^ at some specified location.°F. 
h = average film coefficient of heat transfer B.t.u./hr.ftf°F.
Equation (7), originally proposed by Isaac Newton, is 
called Newton's law of cooling. Even though this equation is 
used to determine the rate of heat flow by convection between a 
surface and the fluid in contact with it, this relation is inade­
quate to explain the convective heat flow mechanism.
In the evaluation of the convective heat transfer coefficient, 
the geometry of the surface, velocity, physical properties of the 
fluid and even the temperature difference ATf pl&y a significant role. 
Since these quantities are not necessarily constant over the surface, 
the convective heat transfer coefficient varies from point to point.
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For all engineering applications the average heat transfer coefficient 
is of considerable interest. An analysis leading to the quantitative 
evaluation of the heat transfer coefficient starts with a study of the 
fluid flow.
THE ENERGY TRANSFER MECHANISM AND FLUID FLOW
"The transfer of heat between a solid boundary and a fluid 
takes place by a combination of conduction and mass transport. If 
the boundary is at a higher temperature than the fluid, heat flows 
first by conduction from the solid to fluid particles in the neigh­
borhood of the wall. Ihe energy thus transmitted increases the 
internal energy of the fluid and is carried away by the motion of 
the fluid. When the heated fluid particles reach a region at a 
lower temperature, heat is again transferred by conduction from 
warmer to the cooler fluid." (15)
An understanding of fluid flow mechanism will be of great 
help in understanding the mechanism of heat flow. The hydrodynamic 
analysis involves establishing whether the fluid is in laminar or 
turbulent motion. In laminar flow, the fluid movement is in layers 
and each fluid particle follows a smooth and continuous path.
In the case of a fluid in laminar flow along a surface at 
a different temperature from that of the fluid, heat is transferred 
only by molecular conduction within the fluid, and at the interface 
between the fluid and surface. There are no turbulent mixing currents 
by which energy stored in fluid particles is transported across the
stream lines
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In turbulent flow, the conduction mechanism is modified and 
aided by eddies and cross currents which carry fluid across the stream 
lines. These fluid particles mix with other particles of the fluid 
and thus act as carriers of energy. An increase in the rate of mixing 
will therefore increase the rate of heat flow by convection.
THE HYDRODYNAMIC BOUNDARY LAYER
When a fluid is flowing along a surface, the particles near 
the surface are slowed down by virtue of viscous forces. The fluid 
particles adjacent to the boundary have no velocity relative to the 
boundary and stick to the surface. Other fluid particles attempting 
to slide over them are retarded due to the interaction between 
faster and slower moving fluid. This phenomenon gives rise to 
shearing forces.
Though the effects of the viscous forces originating at 
the boundary extend into the body of the fluid, the velocity of 
the fluid particles approaches the free stream velocity in a short 
distance from the surface. The fluid in this region, where a 
substantial change in velocity exists, is called the hydrodynamic 
boundary layer. The thickness of the boundary layer is defined as 
the distance from the surface at which the local velocity is 99 
per cent of the free stream velocity. Eckert (16) gives the following 
equation for the thickness of the boundary layer at a distance x from 
the leading edge in laminar flow
S _ A -G 4-




When a submerged body is heated or cooled, a temperature field 
builds up in the surrounding medium. This region along the body is 
called the thermal boundary layer. Within this layer the temperature 
changes from the value Tw  on the surface of the body to the value t^ 
in the undisturbed flow. Eckert (17) gives an approximate relation­
ship between the thicknesses of the thermal and hydrodynamic boundary 
layers. This relationship is given by
---- =  -------------JT ................... (9)s  \* 0*2.6
HEAT TRANSFER COEFFICIENT FOR A FLUID IN LAMINAR FLOW OVER A 
HEATED PLATE
With the help of the equations (8) and (9) Eckert (18) 
establishes a relationship between the heat transfer coefficient, 
the Reynolds number and the Prandtl number. For a plane plate 
heated over its entire length this relationship is governed by the 
equation
h  =  ................... (10)
Eckert points out that the same value was arrived at by more precise 
mathematical analysis.
THE EFFECT OF TWISTED PLATE ON TEE RATE OF HEAT TRANSFER
A study of the equation (10) indicates that the heat transfer 
coefficient is inversely proportional to the length of the heated 
portion of the plate. In other words, the heat transfer coefficient
32
is inversely proportional to the thickness of the boundary layer.
So any effort to reduce the effective length of flow will in effect 
reduce the thickness of the boundary layer and hence will help to 
increase the rate of heat transfer.
The following two examples illustrate the argument under 
consideration.
case i) A fluid flows on the surface of a heated plate. The
boundary layer builds up along the entire length of the 
plate. If a higher rate of heat transfer is desired it 
is necessary to reduce the length of the heated plate, 
case ii) When we consider a heated plate inside a horizontal pipe, 
we will find that cross currents are set up in the fluid.
Due to these cross currents the conditions helping the 
build up of the boundary layer exist to a lesser extent.
That is, the thickness of the boundary layer will no 
longer be the same as in the case (i). This means that 
the effective length of the heated plate is diminished 
and the result of the same is to increase the rate of 
heat transfer.
The experimental value of the heat transfer coefficient for 
case (ii) was nearly six times greater than the calculated value for 
the case (i). The results of the laboratory experiments substantiate 
that the effective length is appreciably reduced in the case (ii).
When a twisted strip i*s placed in the flow path, because of
33
the geometry of the strip the flow pattern is greatly disturbed.
Hence, it can be visualized that the effective length for a twisted 
strip is much smaller than that of a flat strip. We can expect much 
higher rates of heat transfer in this case.
Besides the above mentioned reason, the following factors 
also contribute to the increase of the rate of heat transfer in the 
case of a twisted strip.
When the fluid surrounding the strip is heated up, there will 
be a Redistribution in the position occupied by the fluid particles.
The particles near the strip, being hot, are lighter in density. So 
while these lighter density particles are displaced away from the 
strip, the colder particles come closer to the strip. This movement 
of the particles sets up centrifugal forces and helps in mixing up 
the fluid. This phenomenon helps in increasing the rate of heat transfer.
When the fluid flows over the twisted strip, due to the curved 
path taken by the fluid, the laminar flow of the fluid is disturbed.
This disturbance once again helps to increase the rate of heat transfer.
The investigations of Kreith and Margolis (12) and Kreith (11) 
support the above statements.
In the light of the above, the author felt that a laboratory 
investigation involving the flow over a twisted plate would lead 
to the achievement of higher rates of heat transfer. The results 
given in the later pages show that the author's conclusions are 
justified.
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EVALUATION OF THE RESULTS
The results for the flat strip are given in Tables I.a., I.b. 
and Figure 9. These indicate that the heat transfer coefficient 
increases with the increased flow rate. From the results it can be 
predicted that a higher rate of heat transfer can be achieved with 
increased rates of flow.
TEST SECTION # 2.
In the case of a twisted steel strip, half a turn in 20", the 
relationship between the heat transfer coefficient and mass flow 
rate of water is not linear. The rate of heat transfer increases 
with increased rates of flow of water. In comparison with the 
test section #1, the test section # 2 promotes higher rates of heat 
transfer for the same flow conditions. The increase in the rate 
of heat transfer is 16.8% at the lowest rate of 550 pounds of water 
per hour and 20.1% at the flow rate of 1192 pounds per hour. There 
is a gradual increase in the percentage increase of heat transfer 
from lower to higher rates of flow. The results of the test section 
# 2 are shown in tables II.a., II.b. and Figure 10.
TEST SECTION # 3.
Tables III.a., Ill.b. and Figure 11 give the results for the 
test section # 3 with one turn in 20". A s.tudy of Figure 11 shows 
that there is an increase of heat transfer rate with increased rate 
of fluid flow. But the relationship between them is not linear for 
this test section. For a comparison with flat plate, the percentage
TEST SECTION # 1.
35
HEAT TRANSFER EXPERIMENTAL DATA 
TEST SECTION # 1. FLAT STEEL STRIP 1 1/2" x 1/8" x 20"
TABLE I.a.
























1 20 550 115 127 153 211 156 182.75 121 61.75 12 236
2 40 719 116 126 152 216 154 184.5 121 63.5 10 250
3 60 878 116 126 150 221 153 186.25 121 65.25 10 297
4 80 991 116 126 154 230 155 192.25 121 71.25 10 307
5 100 1106 116 126 155 235 157 195.5 121 74.5 10 328
6 120 1192 116 127 157 245 160 201.75 121.5 80.25 11 358
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HEAT TRANSFER EXPERIMENTAL DATA 
TEST SECTION # 1. FLAT STEEL STRIP 1 1/2" x 1/8" x 20" 

























ti t2 POINT1 POINT2 POINT3
hr.ft?»F
1 20 550 115 127 151 210 155 181.5 121 60.5 12 220
2 40 719 116 126 150 216 154 184 121 63.0 10 252
3 60 878 117 127 150 216 151 183.25 122 61.25 10 316
4 80 991 117 127 150 225 151 187.75 122 65.5 10 334
5 100 1106 114 123 146 220 148 183.5 118.5 65.0 9 338
6 120 1192 115 124 146 223 150 185.5 119.5 66.0 9 359
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FIGURE # 9
HEAT TRANSFER COEFFICIENT VS M S S  FLOW FOR TEST SECTION NO. 1
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HEAT TRANSFER EXPERIMENTAL DATA 
TEST SECTION # 2. TWISTED STEEL STRIP 1 1/2" WIDE, 1/8" THICK 



















deg.F. deg.F. deg.F. deg.F. hr.ftS°F
1 20 550 116.5 130 151 202 170 181.25 123.25 58.00 13.5 282
2 40 719 116 128 145 205 170 181.25 122 59.25 12.0 320
3 60 878 116 128 151 214 175 188.5 122 66.5 12.0 350
4 80 991 114.5 126 150 215 175 188.75 120.25 68.5 11.5 366
5 100 1106 115 127 153 219 175 191.5 121 70.5 12 414
6 120 1192 116 128 151 222 180 193.75 122 71.75 12 440
7 140 1310 117 128 150 224 175 193.25 122.5 70.75 11 450
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TEST SECTION # 2. TWISTED STEEL STRIP 1 1/2" WIDE, 1/8" THICK 
half a twist in 20 inches length. Heat transfer area, A = 0.454 sq.ft.
TEST # 2
TABLE II.b.



















deg.F. deg.F. deg.F. deg.F,
*i t2 hr.ft?°F
1 20 550 115 130 157 216 182 192.75 122.5 70.25 15 258
2 40 719 118 132 157 220 180 194.25 125.0 69.25 14 320
3 60 878 119 131 154 220 180 193.5 125 68.5 12 339
4 80 991 120 132 155 225 185 197.5 126 71.5 12 366
5 100 1106 118 130 153 226 184 197.25 124 73.25 12 398
6 120 1192 119 130 151 225 180 195.25 124.5 70.75 11 408
7 140 1310 118 130 154 229 185 199.25 124 75.25 12 458
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FIGURE # 10
HEAT TRANSFER COEFFICIENT VS MASS FLOW FOR TEST SECTION NO. 2
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HEAT TRANSFER EXPERIMENTAL DATA 
TEST SECTION # 3 TWISTED STEEL STRIP 1 1/2" WIDE, 1/8" THICK 




















deg.F. deg.F. deg.F. deg.F. hr.ft?°F
1 20 550 115 127 150 185 148 167 121 46 12 316
2 40 719 115 125 147 185 148 166.25 120 46.25 10 342
3 60 878 116 126 150 187 154 169.5 121 48.5 10 398
4 80 991 116 125 148 183 152 166.5 120.5 46 9 428
5 100 1106 116 125 146 186 154 168 120.5 47.5 9 463
6 120 1192 115 124 141 180 150 162.75 119.5 43.25 9 547
7 140 1310 114 124 144 185 150 166 119.0 47 10 614
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TEST SECTION # 3. TWIST D STEEL STRIP 1 1/2" WIDE, 1/8" THICK
TABLE Ill.b.
HEAT TRANSFER EXPERIMENTAL DATA
TEST # 2



















deg.F. deg.F. deg.F. deg.F. hr.ft?°F
1 20 550 116 129 156 192 152 173 122.5 50.5 13 312
2 40 719 116 129 160 203 155 181.25 122.5 58.75 13 350
3 60 878 116 127 158 195 157 176.25 121.5 54.75 11 389
4 80 991 116 127 155 195 157 175.5 121.5 54 11 445
5 100 1106 116 127 157 196 160 177.25 121.5 55.75 11 480
6 120 1192 115 127 155 200 163 179.5 121 58.5 12 540




of increase in the rate of heat transfer steadily increased for flow 
rates between 719 and 1192 pounds per hour. The maximum percentage 
increase of heat transfer was 50.5 at 1192 pounds per hour.
TEST SECTION # 4.
Tables IV.a., IV.b. and Figure 12 give the results for the 
test section with a twist of 1 1/2 turns in 20". In this case also 
higher rates of heat transfer are noticed with increased rates of 
flow of water. The rate of increase is not linear. The percentage 
of increase in the rate of heat transfer, in comparison with the 
flat strip, decreased with increased rates of flow. The maximum 
increase in the rate of heat transfer was 232% at the flow rate 
of 550 pounds per hour. At 1192 pounds per hour, the increase 
was only 1407®. This test section has given the highest rates of 
heat transfer for the experiments conducted in the single strip series.
TEST SECTION # 5.
Test section # 5 was the twisted strip with 2 turns in 20".
The results for this test section are given in tables V.a., V.b. 
and Figure 13. The relationship between the rate of heat transfer 
and the rate of fluid flow is not linear. The percentage increase 
of the rate of heat transfer has considerably decreased in this case. 
Test section # 2 gives slightly higher values than the test section #5.
TEST SECTION # 6.
Test section #6, two twisted strips of half a turn in 20", 
is the only combined strip used in this series of experiments. The 
results for this test section are higher than the highest results in
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TABLE IV.a.
HEAT TRANSFER EXPERIMENTAL DATA
TEST SECTION # 4. TWISTED STEEL STRIP 1 1/2" wide, 1/8" thick






























1 20 550 116 129 124 150 148 143 122.5 20.5 13 768
2 40 719 117 129 126 156 152 147.5 123.0 24.5 12 776
3 60 878 116 126 124 154 150 145.5 121.0 24.5 10 790
4 80 991 116 128 128 165 160 154.5 122.0 32.5 12 806
5 100 1106 116 128 129 169 161 157.0 122.0 35 12 834
6 120 1192 115 127 126 170 161 156.75 121.0 35.75 12 884
7 140 1310 115 126 125 167 159 154.5 120.5 34 11 930
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TABLE XV. b.
HEAT TRAN FER EXPERIMENTAL DATA
TEST SECTION # 4. TWISTED STEEL STRIP 11/2" iJIDE, 1/8" THICK






























1 20 550 115 131 130 164 160 154.5 123 30.5 16 636
2 40 719 no 124 123 157 154 147.75 117 30.75 14 720
3 60 878 115 127 125 164 157 152.5 121 31.5 12 736
4 80 991 115 127 125 165 164 154.75 121 33.75 12 776
5 100 1106 115 126 125 165 160 153.75 120.5 33.25 11 805
6 120 1192 115 126 125 165 161 154 120.5 33.5 11 861
7 140 1310 115 127 126 173 166 159.5 121 38.5 12 900
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FIGURE #12
HEAT TRANSFER COEFFICIENT VS MASS FLOW FOR TEST SECTION NO. 4
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TEST SECTION # 5. TWISTED STEEL STRIP 1 /2" WIDE, 1/8" THICK
Two twists in 20 inches length. Heat transfer area, A = 0.454 sq.ft.
TEST rf 1
TABLE V.a.




























1 20 550 119 132 134 214 172 183.5 125.5 58 13 272
2 40 719 120 131 135 215 172 184.25 125.5 58.75 11 296
3 60 878 119 130 134 215 173 184.25 124.5 59.75 11 356
4 80 991 120 130 132 215 173 183.75 125 58.75 10 372
5 100 1106 120 130 132 211 170 181 125 56 10 435
6 120 1192 120 130 133 215 173 184 125 59 10 446




HEAT TRANSFER EXPERIMENTAL DATA
TEST SECTION # 5. TWISTED STEEL STRIP 1 1/2" WIDE, 1/8" HICK























deg.F. deg.F. deg.F. deg.F. hr.ft?°F
1 20 550 115 127 133 212 170 181.75 121 60.75 12 240
2 40 719 115 126 130 209 167 178.75 120.5 58.25 11 300
3 60 878 115 126 130 215 170 182.5 120.5 62 11 344
4 80 991 116 1*26 130 215 173 183.25 121 62.25 10 352
5 100 1106 117 127 129 224 176 188.25 122 66.25 10 368
6 120 1192 117 127 130 220 175 186.25 122 64.25 10 410
7 140 1310 117 128 131 231 182 193.75 122.5 71.25 11 446
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FIGURE # 13
HEAT TRANSFER COEFFICIENT VS MASS FLOW FOR TEST SECTION NO. 5
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HEAT TRANSFER EXPERIMENTAL DATA 
TEST SECTION #6. TWO TWISTED STEEL STRIPS SPACED 1/2" APART 



























tl t2 POINT1 POINT2 POINT3 hr.ft?«F
1 60 878 117 127 126 129 149 133.25 122 11.25 10 860
2 80 991 119 129 130 130 151 135.25 124 11.25 10 . 970
3 100 1106 119 129 130 130 150 135 124 11 10 1090
4 120 1192 119 130 130 131 151 135.75 124.5 11.75 11 1230
5 140 1310 118 129 130 130 151 135.25 123.5 11.75 11 1350
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HEAT TRANSFER EXPERIMENTAL DATA 
TEST SECTION #6. TWO TWISTED STEEL STRIPS SPACED 1/2" APART 
























tl t2 POINT 1 POINT 2 POINT 3
1 60 878 120.5 132 131 135 155 139 126.25 12.75 11.5 872
2 80 991 122 133 133 135 156 139.75 127.5 12.25 11 990
3 100 1106 123 134 134 135 157 140.25 128.5 11.75 11 1140
4 120 1192 118 129 129 129 155 135.5 123.5 12.0 11 1230
5 140 1310 116 127 126 126 155 133.25 121.5 11.75 11 1351
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FIGURE # 1 4
HEAT TRANSFER COEFFICIENT VS MASS FLOW FOR TEST SECTION NO. 6
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the single strip series. The rate of heat transfer increases with 
the increased flow rates. The higher heat transfer rates recorded 
in this case may be due to the increased turbulence created when 
the fluid passed in the interspace of the strips. Maximum increase 
in the rate of heat transfer, compared with the single flat strip, 
was 243% at 1192 pounds of water per hour. The results of test 
secion # 6 are given in tables VI.a., VI.b. and Figure 14.
Table VII gives a comparison of the results for all the 
test sections.
Figure 15 shows the comparitive graphs for all the test 
sections used in the single plate series.
Figure 16 shows the relationship between the rate of heat 
transfer and number of turns of the twisted strip. According to 
this graph, we find that the test section # 4 gives an approximate 
critical pitch of 13 1/3".
COMPARISON OF THE RESULTS WITH DATA AVAILABLE
As mentioned in the review of literature Royds, Colburn and 
King, Siegel, and Kreith and Margolis used twisted strips as tur­
bulence promoters. The studies of Royds (7) and Colburn and King (8) 
were intended to study the effect of turbulators on the rate of 
heat transfer for air only. Their investigations are helpful to 
establish the fact that higher rates of heat transfer can be achieved 
with the help of twisted strip turbulators.
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1 550 220 258 314 730 245
2 719 261 308 348 740 296
3 878 296 350 398 760 344 850
4 991 319 380 436 787 372 980
5 1106 341 410 480 824 405 1118
6 1192 359 431 540 860 428 1230




Siegel's (10) investigations with turbulators were limited 
to the laminar flow region. He used a 0.02" thick copper strip 
with a 3" pitch to promote turbulence with water in 5/8" copper 
tube. His results show that the heat transfer coefficient, h, 
varied between 210 and 570 for the flow rates of 0.25 to 2.5 gallons 
of water per minute. He used only one twisted strip and did not 
compare the rates of heat transfer with those of a flat strip.
The investigations of Kreith & Margolis (12) were in the 
turbulent flow region.
Since the author's investigations were in the region of 
laminar flow, the results of the author can be compared with the 
results of Siegel only. While Siegel used a strip of 3" pitch 
the strips used by the author varied in pitch between 10" and 
40".
When compared, the results of Siegel seem to be higher 
than those obtained by the author. But, these higher values can 
be attributed to the following reasons.
In Siegel's experiments, because of the heating mechanism 
used, the heat transfer area is provided both by the turbulator 
and the surrounding pipe. As such, the results obtained in this 
case must be higher than those obtained by using the turbulator 
alone as the heat transfer surface. Besides, the pitch of the 
turbulator used by Siegel is different from the pitches used by
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the author. In the case of the turbulator with 1 1/2 turns in 20" 
used by the author, the rate of heat transfer is much higher than 
the rate obtained in Siegel's experiments.
The author's experiments conclusively prove that higher rates 
of heat can be achieved with the help of turbulators.
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CONCLUSIONS
1. The effect of a twisted turbulator is to increase the rate of 
heat transfer.
2. The pitch of a twisted strip has a definite effect in increasing 
the rate of heat transfer.
3. The heat transfer rate increases with decrease in pitch length 
between oo and 13 1/3 inches. Beyond 13 1/3 inches the rate of 
increase in heat transfer decreases rapidly.
4. The critical pitch where the rate of heat transfer is maximum 
is near the pitch length of 13 1/3 inches. Exact critical 
pitch length is not determined by the author.
5. VJhen the fluid flow is intercepted by a number of turbulators, 
much higher heat transfer rates can be expected. The test 
section # 6 gave higher heat transfer rates than the highest 
rate obtained in the single plate series. A further inves­
tigation may lead to the arrival at a critical pitch when a 
number of turbulators are used.
6. Since the flow rates encountered in practice will be in the 
region of turbulent flow, an investigation may prove that still 
higher rates can be achieved in turbulent flow region.
7. The pressure drops observed during the investigation were almost 
constant. The increase in the pressure drop is almost negligible 
when compared to the increase in the heat transfer rate.
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